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Abstract
Several three-dimensional Unsteady Reynolds-Averaged Navier-Stokes (URANS)
simulations of the passing generic vehicles (Ahmed bodies) are presented. The
relative motion of vehicles was obtained using a combination of deforming and
sliding computational grids. The vehicle studied is an Ahmed body with an an-
gle of the rear end slanted surface of 30◦. Several different relative velocities and
transversal distances between vehicles were studied. The aerodynamic influence
of the passage on the overtaken vehicle was studied. The results of the simulations
were found to agree well with the existing experimental data. Numerical results
were used to explain effects of the overtaking manoeuvre on the main aerody-
namic coefficients.
Keywords: Passing manoeuvres, Overtaking vehicles, Unsteady aerodynamics,
Unsteady Reynolds-Averaged Navier-Stokes, Turbulence Model, Deforming
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1. Introduction
The overtaking manoeuvre between two vehicles yields additional aerody-
namic forces acting on both vehicles. These additional forces lead to sudden
lateral displacements and rotations around the yaw axis of each vehicles. Such
sudden change of the side force and of the yawing moment, complicates the steer-
ing corrections performed by the driver and can yield critical safety situations, in
particular in adverse weather conditions, such as crosswinds or rain. Intensities
of these forces are extrapolated when the overtaking manoeuvre involves a light
car and a heavy-truck. Moreover, such a manoeuvre implies a disturbance of the
aerodynamic of vehicles.
The first studies on the overtaking effects, Heffrey [1] and Howell [2], were inves-
tigated in response of the weight reduction of cars involved by the first oil crisis.
Actually, after this oil crisis, car manufacturers have made substantial efforts to
reduce the fuel consumption. This was achieved by improving the design of the
cars, by developping efficient engine or by decreasing the vehicle weight. With
the third option, vehicles became more sensitive to unsteady aerodynamic effects,
such as those induced by an overtaking manoeuvre. In addition to the works of
Heffrey and Howell, several experimental studies were carried out as well. These
studies were focused on different aspects. Studies performed by Legouis et al [3],
Telionis et al [4] or Yamamoto et al [5] were dedicated to the car-truck overtaking.
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More recently, several dynamic studies in order to analyze effects of the relative
velocity, the transverse passing, and the crosswind during an overtaking manoeu-
vre were performed by Noger et al [6, 7]. Both studies were carried out with
7/10 scaled Ahmed bodies, [8]. The two bodies of the first study were hatchback
shapes (slant of 30◦), while the two bodies of the second one were squareback
shapes. Noger and Van Grevenynghe [9] proposed a study of car-truck overtaking
on one test case: one relative velocity and one lateral spacing. Gillie´ron and Noger
[10] analyzed the transient phenomena occurring during various phenomena such
as the overtaking, the crossing or tunnel exits.
The overtaking process has also been studied using numerical modelling. Some
recent two-dimensional (2D) numerical studies can be found. Clark and Filip-
pone [11] performed the overtaking process of two sharped edges bodies. The
work aimed to provide a thorough analysis of the overtaking process. Effects
of the relative velocity and the transversal spacing were studied. The authors
focused on 2D overtaking as a preliminary means of investigating an appropri-
ate simulation strategy for the complex three-dimensional (3D) flow. Corin et
al [12] performed 2D numerical simulations of two rounded edges bodies. The
dynamic effect of the passing manoeuvre was highlighted by comparisons with
quasi-steady calculations. It was shown that crosswinds yield significant dynamic
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effects. The authors of [11, 12] agreed that their 2D approaches were first steps
towards 3D calculations. In particular, the Venturi effect, occurring when vehi-
cles move closer, is strongly overestimated. 3D numerical simulations of two
Ahmed bodies overtaking were performed by Gillie´ron [13]. Calculations were
achieved using a Reynolds Averaged Navier-Stokes numerical method with a k−ǫ
turbulence model. The effects of the transversal spacing and the crosswind were
studied. However, this study was limited to a quasi-steady approach.
This paper presents a dynamic three-dimensional simulation of passing processes
based on the ζ − f turbulence model and a deforming/sliding mesh method. The
aims are to accurately predict the aerodynamic forces and moment, occurring on
vehicles during a passing manoeuvre, and to give thorough analysis of the passing
process. The paper starts with a description in section 2.1 of the experimental set-
up that is used in the present numerical study. This is followed by the numerical
methodology, including the turbulence model, the numerical method and details,
and the deforming/sliding mesh method, in section 2.2. Results of the simulations
are presented in section 3. In section 4, a complete analysis of the effects of the
passing manoeuvre is provided. Finally, the paper is summarized in section 5.
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Figure 1: 7/10 scale Ahmed bluff body [8], dimensions in mm.
2. Method
2.1. Description of the set-up
2.1.1. Geometries
The body used in this study is identical to this in the experimental work [7]
and is 7/10 Ahmed bodies shown in figure 1. This body has a hatchback type rear
end with an angle of 30◦.
As it is shown, both bodies consist on rounded front end and sharped rear end.
The main vehicle sizes are: the length L = 730.8 mm, the width W = 272.3 mm,
the height H = 201.6 mm and the ground clearance of 55 mm. Supports are
15 mm diameter cylindrical and the length of the slant surface is 155.4 mm. The
Reynolds number based on height of the vehicle is ReH = 390.000, for a velocity
of 30 m.s−1.
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2.1.2. Dimensionless coefficient
As in the experimental works of Noger et al, a dimensionless parameter k is
defined as the ratio of the relative velocity Vr to a steady velocity V:
k = Vr
V
. (1)
The steady velocity is the velocity of the moving body, e.g. V = V∞ + Vr.
During an overtaking, the strongly affected aerodynamic coefficients are the drag
force coefficient Cd, the side force coefficient Cy and the yawing moment coeffi-
cient Cn given by:
Fd =
1
2
ρS V2Cd,
Fy =
1
2
ρS V2Cy,
N =
1
2
ρES V2Cn,
(2)
where Fd, Fy and N are respectively the drag force, the side force and the yawing
moment obtained by integrating the pressure distribution around the model. In
equation (2), ρ is the air density, S the body frontal area and E the longitudinal
distance between the supports. Note that V is the above defined steady velocity.
2.1.3. Overtaking process
The figure 2 shows the sketch of the overtaking, with distances and the forces
direction. The overtaking consists, as in the experimental work, on the stationnary
body located in the middle of the wind tunnel length and a moving body located
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Figure 2: Notations for the vehicle positioning and aerodynamic coefficient direction.
5L behind the stationary body at the beginning of the calculation, and 5L in front
of the stationary body at the end of the calculation. An inlet condition is set with
the normal velocity V∞ corresponding to the velocity of the stationnary body. The
moving body is set in motion with the relative velocity Vr. The reference case
is set with the velocity ratio k and the transversal spacing Y at values k = 0.248
(V∞ = 30.32 m.s−1 and Vr = 10 m.s−1) and Y = 0.25W.
2.2. Numerical methodology
2.2.1. Governing equations and turbulence model
The flow around vehicles was predicted using the Reynolds-Averaged Navier
Stokes equations coupled with the eddy viscosity ζ − f model equations [14]. The
continuity and momentum equations are given by:
∂Ui
∂xi
= 0,
∂Ui
∂t
+ U j
∂Ui
∂x j
= −1
ρ
∂P
∂xi
+
1
ρ
∂
∂x j
(
τi j − ρuiu j
)
,
(3)
where Ui is the mean-velocity vector, ρ is the fluid density, P the mean-pressure,
τi j denotes the mean viscous stress tensor:
τi j = 2µS i j. (4)
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In the equation (4), µ is the dynamic viscosity and the mean strain rate tensor S i j
is given by:
S i j =
1
2
(
∂Ui
∂x j
+
∂U j
∂xi
)
.
The last term of equation (3) is the unknown Reynolds stress tensor which must
be modeled.
The Reynolds stress tensor is expressed with the Boussinesq’s analogy:
−ρuiu j = 2ρνtS i j −
2
3ρkδi j,
where νt is the turbulent viscosity and δi j is the Kronecker delta. In the ζ − f
model, the eddy-viscosity is defined as:
νt = Cµζkτ,
where τ is the time scale given as:
τ = max
min
kε,
a√
6Cµ |S | ζ
 ,Cτ
(
ν
ε
)1/2 .
The velocity scale ratio ζ is obtained from the following equation:
Dζ
Dt
= f − ζkPk +
∂
∂xk
[(
ν +
νt
σζ
)
∂ζ
∂xk
]
.
The equations of the turbulent kinetic energy and its dissipation are:
Dk
Dt
= (Pk − ε) + ∂
∂x j
[(
ν +
νt
σk
)
∂k
∂x j
]
Dε
Dt
=
Cε1Pk −Cε2ε
τ
+
∂
∂x j
[(
ν +
νt
σε
)
∂ε
∂x j
]
.
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Cµ Cε1 Cε2 c1 C′2 σk σε σζ Cτ CL Cη
0.22 1.4(1 + 0.012/ζ) 1.9 0.4 0.65 1 1.3 1.2 6.0 0.36 85
Table 1: Coefficients in the ζ − f turbulence model
In above equations, the production is given by:
Pk = −uiu j
∂Ui
∂x j
.
The elliptic relaxation function f is formulated by using the pressure-strain model
of Speziale et al [15]:
L2∇2 f − f = 1
τ
(
c1 +C′2
Pk
ǫ
) (
ζ − 23
)
−
(C4
3 −C5
) Pk
k .
The length scale L is:
L = CL max
min
k
3/2
ε
,
k1/2√
6Cµ |S | ζ
 ,Cη
(
ν3
ε
)1/4 .
Coefficients in above equations are given in table 1.
The ζ − f model by Hanjalic´ et al [14], based on the v2 − f model of Durbin [16],
is very robust and more accurate than the simple two-equation eddy viscosity
models.
2.2.2. Numerical method
The system of equations (3) was solved using a commercial solver, AVL FIRE.
This software is based on a cell-centered finite volume method. The momen-
tum equations were discretized using a second-order upwind scheme. An implicit
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second-order scheme was used for the temporal discretization. The SIMPLE al-
gorithm was used to couple the velocity and pressure fields. A collocated grid
arrangement was employed.
The numerical domain is shown in figure 3. The experimental wind tunnel section
is 5 m × 3 m. This section was reduced in the present simulations. The width, and
the height, of the numerical domain represent respectively more than 15 times,
and 7.5 times, the height of the vehicle. The length is set to 18 m for the good
progress of the deforming/sliding mesh strategy.
Figure 3: Computational domain (dimensions in m).
The uniform free stream velocity V∞ was set at the inlet boundary, in front of vehi-
cles. A static pressure was applied at the outlet. No-slip wall boundary conditions
were used on the bodies and on the floor. Finally, slip wall boundary conditions
were applied on the lateral and on the roof surfaces.
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2.2.3. Numerical details
The structured grids were made with the commercial grid generator Ansys
ICEM-CFD and consist of only hexahedral elements. The figure 4 shows a side
view of volume and surface meshes, for the bluff body. A grid topology was con-
structed using several O-grids in order to concentrate most of the computational
cells close to the surface of the vehicles.
Figure 4: Surface and volume mesh of bluff body.
Accuracy was established by making the original case simulation (k = 0.248 and
Y = 0.25W) on three different computational grids. The numbers of computa-
tional cells are: 4 millions for the coarse mesh, 6 millions for the middle mesh
and 8 millions for the fine mesh. For a velocity of 30 m.s−1, the wall normal res-
olution, n+, is such that n+ < 2, n+ < 4 and n+ < 6 for the fine mesh, the middle
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coarse middle fine
20 < ∆s+ < 960 20 < ∆s+ < 580 20 < ∆s+ < 500
20 < ∆l+ < 840 20 < ∆l+ < 560 20 < ∆l+ < 450
Table 2: Resolution in the streamwise and normal streamwise directions.
mesh and the coarse mesh, respectively. Note that the cell next to the wall should
reach n+ as a maximum less than 3 with the ζ− f model [17]. The resolution in the
streamwise direction ∆s+, and the resolution in directions normal to streamwise
∆l+ are reported in table 2 for the three computational meshes. The averaged ∆s+
was 450, 350 and 300 for the coarse, the middle and the fine grid, respectively.
The averaged ∆l+ was 400, 300 and 260 for the coarse, the middle and the fine
grid, respectively. Here, n+ = nuτ/ν, ∆s+ = ∆suτ/ν and ∆l+ = ∆luτ/ν, where
n is the wall-normal distance, ∆s is the streamwise distance, ∆l is the spanwise
distance, uτ is the friction velocity and ν = µ/ρ is the kinematic viscosity. The
time step range was between 2× 10−4 s and 5 × 10−4 s, depending on the grid and
the relative velocity, giving a CFL number around 0.9 for the highest velocity and
for all grids.
2.2.4. Deforming and sliding mesh
The rectilinear displacement of a body was achieved by a deforming/sliding grid
method. Figure 5 illustrates the effect of the body movement on the computational
grid at three different times of the simulation.
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(a) start
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(b) middle
(c) end
Figure 5: Deformation of the computational grid for the overtaking process.
The overall domain was composed by two subdomains: the bottom one, contain-
ing the stationnary body, remained fixed all along the simulation; and the top
one, containing the moving body. This last subdomain is symbolically divided in
three zones [ri, ri+1], for i = 1, 2, 3, see figure 5(b). The zone between r2 and r3
was slided during the simulation. The two remaining zones were compressed or
stretched in response of the sliding movement of the central part. A similar ap-
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proach was successfully used by Krajnovic´ et al. [17, 18] for the unsteady RANS
simulations of trains passing each other or exiting tunnel and for the LES simula-
tions of a rotating vehicle. Finally a common interfacing was performed between
the two meshes.
3. Results
3.1. Numerical accuracy
Numerical accuracy was checked by comparing aerodynamic coefficients obtained
on the overtaken body between calculations on different meshes. The side force
and the yawing moment coefficients obtained on the three meshes, discussed in
the section 2.2.3, are shown in figure 6 and compared to the experimental data.
X/L
C y
-2-1012-0.4
-0.3
-0.2
-0.1
0
0.1
0.2
0.3
0.4
experimental
coarse
middle
fine
X/L
C n
-2-1012-0.2
-0.1
0
0.1
0.2
0.3
Figure 6: Mesh resolution analysis. Side force (left) and yawing moment (right) coefficients.
As can be seen, the coarse mesh involves a systematical overestimation of ampli-
tudes, especially on the side force, while the middle and the fine mesh yield similar
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results: relatively close to the experimental data. For the side force, the critical
positions, corresponding to the minimum and the maximum value at X/L = 0
and X/L = 1 are in good agreement between the middle and the fine grids. For
the first peak of side force, occurring at X/L=1, the maximum difference between
the experimental data and the numerical results is +5% for the fine grid and +7%
for the middle grid. This difference goes up to 21% for the coarse grid. For the
highest peak of yawing moment, occurring at X/L=0.5, the three grids have good
agreement with the experimental data with differences of +5%, +1% and -5% for
the coarse, the middle and the fine grids, respectively. It is shown that the agree-
ment between the numerical results of the middle grid and the fine grid is very
good, proofing the grid convergence.
3.2. Relative velocity effects
Three cases with velocity ratios of k = 0.141 (Vr = 5 m.s−1), k = 0.248 and
k = 0.331 (Vr = 15 m.s−1) were simulated. Comparisons of the results obtained
for the two relative velocities k = 0.141 and k = 0.248 are shown in figure 7 with
the experimental data.
For both cases, the numerical results are in good agreement with the experimental
data. Nevertheless, the overestimation of the first peak of side force by the numer-
ical simulation is slightly larger for k = 0.141 than for k = 0.248. For k = 0.141,
the numerical result of side force is constant between X/L=0 and X/L=-0.5, see
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(a) k = 0.248
(b) k = 0.141
Figure 7: Relative velocity effects on the overtaken body. Side force (left) and yawing moment
(right) coefficients. (◦ ) experimental, ( ) numerical.
figure 7(b). However, it is consistent with the experimental data.
Figure 8 shows comparisons of the numerical results for the three relative veloci-
ties. The drag force coefficient presented here, is subtracted from the steady drag
coefficient value.
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Figure 8: Relative velocity effects on the overtaken body. Drag force (top left), Side force (top
right) and yawing moment (bottom) coefficients. ( ) k = 0.331, ( ) k = 0.248, ( ) k = 0.141.
Numerical results.
The steady drag coefficient value measured of 0.38 gave a drag increase up to
50%. This shows that the overtaking manoeuvre can yield a dramatical effect on
the car aerodynamic and, therefore, on its fuel consumption.
The existing literature is divided in how the relative velocity of the vehicle influ-
ences the aerodynamic coefficients. Noger et al [6, 7] found that the aerodynamic
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coefficients are independent of the relative velocity. Corin et al [12] found that
when the relative velocity increased, the drag coefficient increased and the side
force decreased. Clarke and Filippone [11], and Gillie´ron and Noger [10], shown
that an increase in relative velocity yields an increase in the peak coefficients.
However, the coefficients are normalized with the velocity of the overtaken vehi-
cle in [10, 11].
In the present study, the coefficients decrease when the relative velocity increases.
When the relative velocity increases, the dynamic pressure increases. Therefore,
the resulting forces occurring on the overtaken vehicle become more substantial.
But these forces are normalized with the overtaking vehicle velocity which takes
into account the relative velocity. This can explain the decrease of aerodynamic
coefficients peaks.
3.3. Transverse spacing effects
In order to study the effects of the transverse spacing, the calculation k = 0.248
was carried out with two additional transverse spacings: Y = 0.5W and Y = 0.7W.
To perform these new calculations, a new mesh was made to take into account the
substantial difference of transversal spacing between the case Y = 0.25W and the
case Y = 0.5W. This new mesh was deformed, in the transversal direction, for the
calculation of the case Y = 0.7W.
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The results, for the side force and the yawing moment coefficients, are shown in
figure 9. For Y = 0.7, the quasi-steady numerical results obtained by Gillie´ron and
Noger [10] were available and were added in figure 9(b). The experimental data
of the quasi-steady case are not shown here. However, these data are very close to
the experimental data of the dynamic case. As said previously, the aerodynamic
coefficients are independent to the relative velocity in Noger’s works, indeed.
Both numerical results are in good agreement with the experimental data. Never-
theless, the numerical simulation underestimates the minimum value of the side
force.
Figure 10 shows the evolution of the drag force coefficient, the side force coef-
ficient and the yawing moment coefficient for the three different spacings: Y =
0.25W, Y = 0.5W and Y = 0.7W. The last graph represents the evolution of the
coefficient magnitudes as a function of the logarithm of the transverse spacing.
It can be easily seen that the coefficient amplitudes reduce when the transverse
spacing increases. Besides, the effects occurring at X/L=0 and X/L=-1 are lower
for the two highest spacings. The last graph shows that the evolution of magni-
tudes is a linear function of the logarithm of the transverse spacing. This result
was already shown by Noger et al [7].
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(a) Y = 0.5W
X/L
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0
0.1
0.2
X/L
C n
-2-1012-0.1
0
0.1
0.2
(b) Y = 0.7W
Figure 9: Transverse spacing effects on the overtaken body. Side force (left) and yawing moment
(right) coefficients. (◦ ) experimental, ( ) numerical. For Y = 0.7, (_) quasi-steady numerical
results of Gillie´ron and Noger [10].
Figure 9(b) shows that the numerical quasi-steady approach had a tendency
to overestimate the magnitude of the side force. The study of the yawing mo-
ment coefficient shows that the main phenomena were missed by the quasi-steady
approach due to the bad choices of the positions studied. These two arguments
proove that a dynamic approach is required for the overtaking process.
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Figure 10: Transverse spacing effects on the overtaken body. Drag force coefficient (top left), side
force coefficient (top right), yawing moment coefficient (bottom left) and coefficients magnitudes
(bottom right). ( ) Y = 0.25W, ( ) Y = 0.5W, ( ) Y = 0.7W.
4. Discussion of the passing manoeuvre
4.1. Coefficients behavior
Figure 11 shows the numerical results obtained for the drag force, the side
force and the yawing moment coefficients for the reference case k = 0.248 and
Y = 0.25W. On these three graphs, the 5 vertical dashed lines, labelled by b©,
c©, d©, e© and f©, correspond to the critical locations for which the changes are
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substantial and which require explanations. These labels were chosen to coincide
with the ones of figure 12.
c d e f
X/L
C y
-2-1012-0.3
-0.2
-0.1
0
0.1
0.2
0.3
0.4
b
b c d e f
X/L
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-0.1
0
0.1
0.2
0.3
b c d e f
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0
0.1
0.2
Figure 11: Drag force (top left), side force (top right) and yawing moment (bottom) coefficients.
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(a) X/L = 2
(b) X/L = 1 b©
(c) X/L = 0.5 c©
(d) X/L = 0 d©
(e) X/L = −0.5 e©
(f) X/L = −1 f©
Figure 12: Left: Surface pressure coefficient on the overtaken vehicle. Right: Streamlines of the
velocity field projected on the plane z = 0.1558 m.
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The evolution of the pressure coefficient, Cp = 2(p − p∞)/ρV2∞ where p − p∞
is the relative pressure, on the inner side of the overtaken vehicle can bring a
first explanation. The pressure distributions are shown in the left hand column of
figure 12 for the five moments corresponding to the vertical lines of figure 11 and
for the position X = 2L which shows the steady state pressure, i.e. without the
influence of the overtaking vehicle. The right hand column of figure 12 presents
the instantaneous streamlines of the velocity field projected onto the plane z =
0.1558 m, half of the total height of the vehicle, for the six previous positions.
4.1.1. Flow between X/L = 2 and X/L = 1 ( b©)
The drag force slightly increases before it experiences a sudden pulse. The
high pressure in front of the overtaking body increases the pressure at the aft of
the overtaken body yielding a drag reduction. After that, the negative pressure in
the front side of the overtaking body reduces the pressure at the aft of the overtaken
body. The pressure is reduced more and more because the narrowing of the space
between both bodies involves an acceleration of the flow. This pressure decrease
at the aft of the overtaken body explains the drag pulse at X/L = 1 ( b©) in figure
11.
The side force increases. As shown in figure 12(b) (left), after its action on the aft
of the overtaken body, the high pressure in front of the overtaking body occurs on
the inner side of the overtaken body. The result is to increase the side force.
The yawing moment decreases. The effect of the high pressure on the inner side
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of the overtaken body is, at first, concentrated on the rear of the overtaken body, as
shown in figure 12(b) (left). Then, only the rear of the overtaken body is repelled.
Besides, the approaching of the overtaking body has an effect at the aft of the
overtaken body. As can be seen in figure 12(b) (right), the flow separation from
the overtaken body’s rear end is influenced and the recirculating flow to the aft
outer surface is shifted. This change of the flow yields a further anticlockwise
moment.
4.1.2. Flow between X/L = 1 ( b©) and X/L = 0.5 ( c©)
The drag force still increases because a low pressure still acts at the aft of the
overtaken body.
The side force still increases slightly after b© before it decreases. The high pres-
sure further increases the pressure on the inner side of the overtaken body involv-
ing the slight increase. When the front of the overtaking body overtakes the rear
of the overtaken body, just after b©, the low pressure on the front side of the over-
taken body reduces the pressure on the inner side of the overtaken body. This low
pressure is added to a Venturi effect, which appears when bodies are close. This
global low pressure effect is clearly visible in figure 12(c) (left). The reduction of
the pressure induced explains the decrease of side force.
The reduction of the pressure on the inner side of the overtaken body is limited to
the rear half, as shown in figure 12(c) (left), then the rear of the overtaken body
is pulled into the path of the overtaking body. Therefore, the yawing moment
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increases. Moreover, the high pressure is now acting on the front half of the over-
taken body, as shown in 12(c) (left), repelling the front part of this body. As the
front half of the overtaken body is repelled, the yawing moment further increases.
The combined effects of the low pressure on the rear half of the overtaken body,
and the high pressure on the front half of the overtaken body lead to the maximum
value for the yawing moment in c©, figure 12(c) (left).
4.1.3. Flow between X/L = 0.5 ( c©) and X/L = 0 ( d©)
The drag force slightly increases before it decreases. The low pressure effect
at the aft of the overtaken body reduces.
The side force still decreases and is now negative. The overtaking body passed the
central region of the overtaken one, the low pressure effect is now predominating,
as shown in figure 12(d) (left), and the overtaken body is further pulled towards the
overtaking body. The effect of the low pressure on the inner side of the overtaken
body is maximum when vehicles are side by side, at the position X/L = 0 ( d©).
Therefore, the side force reaches its minimum value at this position.
The yawing moment decreases. After c©, the low-pressure effect also acts on the
front half of the overtaken body, as shown in figure 12(d) (left), which means that
the nose of the overtaken body is pulled into the path of the overtaking one.
4.1.4. Flow between X/L = 0 ( d©) and X/L = −0.5 ( e©)
The drag force still decreases and the value of the coefficient is lower than the
steady value. The front of the overtaking body overtakes the front of the overtaken
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body and the low pressure of the front side of the overtaking body decreases the
pressure at the fore of the overtaken body. Therefore, the drag decreases.
The side force increases. The low pressure effect, on the inner side of the over-
taken body, reduces. Both vehicles begin to repel each other.
The yawing moment slightly increases, after d©, before it decreases again. The
yawing moment increases slightly because there is an interaction between the flow
separations occurring at the aft edges of both bodies, figure 12(c) (right). This
increase is not found in the experimental data for k = 0.248, see figure 6. However,
it is visible for lower relative velocity k = 0.141, as shown in figure 7(b). After
that, the low pressure effect is now acting almost on the front half of the overtaken
body, then the front half of this body is pulled into the path of the overtaking body
and the yawing moment decreases.
4.1.5. Flow between X/L = −0.5 ( e©) and X/L = −1 ( f©)
The drag force remains constant to approximately X/L = 0.8 before it in-
creases. All the effects produced by the overtaking vehicle diminish and the drag
coefficient returns to its steady value.
The side force still increases. Indeed, the low pressure further decreases.
The yawing moment experiences a slight decrease before it increases again.
4.1.6. Flow between X/L = −1 ( f©) and X/L = −2
The drag force increase until its steady value.
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The side force and the yawing moment experience a slight increase before they
return to zero. As seen, in figure 13, a positive pressure part, from the rear of the
overtaking body propagates towards the overtaken one. The inner sharp edge at
the aft of the overtaking body produces a flow separation which repels the over-
taken body, as shown in figure 12(f) (right). Furthermore, the flow at the aft of the
overtaken body, figure 12(f) (right), is similar to the flow at the position X/L=1,
figure 12(b) (right). The inner flow separation is disrupted by the flow at the aft
of the overtaking body and the outer recirculating flow is shifted. This disruption
yields to further increase the yawing moment.
The numerical peak of side force after f©, does not exist in the experimental data,
see figure 6. It can be noted that this peak appears on experimental results for
lower k in [6] which are, unfortunately, difficult to consider numerically because
of large computational times. This result is inconsistent with the numerical re-
sults of Corin et al [12] for which rounded edges models are used. However, it
is consistent with the numerical results of Clarke and Filippone [11] for which
sharp edges are used. Moreover, Gillie´ron [13] obtained the same kind of behav-
ior with his simulations of 3D slanted Ahmed bodies. This peak is induced by
the flow separation occurring at the inner sharp edge at the aft of the overtaking
body. At this point it is not clear if this difference between present prediction and
experimental data is related to poor modeling of URANS or to experimental data.
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Figure 13: Isosurface of pressure, p=20 Pa. At the position X/L=-1.
4.1.7. At X/L = −2
All the coefficients are returned to their steady values, the overtaking body
does not have effect on the overtaken body any more.
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5. Conclusions
A three-dimensional numerical methodology, with a deforming/sliding mesh
method and the ζ − f turbulence modelling, was successfully employed to simu-
late the dynamic passing process between two vehicles. Studies, performed in this
work, have highlighted the capacities of the numerical method to well reproduce
the effect of the relative velocity and of the lateral spacing on the aerodynamic
forces and moments. A complete analysis has enabled to explain all the effects
acting on the vehicles.
For the overtaken vehicle, it was shown that an increase of transversal spacing in-
volves a decrease of aerodynamic coefficients amplitudes. Moreover, amplitudes
of coefficients evolve linearly with the logarithm of the lateral spacing, which
confirms the experimental results. Similarly, the aerodynamic coefficients peaks
decrease when the relative velocity increases. This conclusion is obviously de-
pendent of the choice of the steady velocity.
The future work will extend the present study to overtaking between vehicles with
different sizes like a truck and a car. Furthermore, the overtaking in gusty winds
will be studied because of safety implications of combination of gusty winds and
vehicle overtaking.
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